Immunogenic peptides containing epitopes of the gp120 C4 and V3 regions from human immunodeficiency virus strains MN and EV91 have been studied by nuclear magnetic resonance and molecular modeling and used as immunogens in rhesus monkeys. The results, combined with those for other peptides, suggest a correlation between solution conformation and immunologic cross-reactivity.
Peptides containing sequences from the third variable (V3) region of human immunodeficiency virus (HIV) gp120 are immunogenic for antibodies that neutralize T-cell-line-adapted (TCLA) HIV strains (13, 23, 24, 29) . The V3 region also contains sequences that elicit anti-HIV cytotoxic T-lymphocyte responses (30) . The more conserved C4 region of gp120 contains a potent T helper (Th) determinant (4, 24) . These observations led to the development of hybrid peptides, containing both C4 and V3 sequences, that are immunogenic for anti-HIV T-cell responses and for anti-TCLA-HIV neutralizing antibodies (14-16, 23, 24, 35) . In addition, the V3 loop is of interest because it is implicated in HIV tropism and primary isolate coreceptor usage (6, 17) . A recently determined crystal structure of gp120 suggested that both the C4 and V3 domains were at or near the gp120 regions that interact with coreceptors (19, 28) .
Studies have been carried out on the immunogenic crossreactivity of C4-V3 gp120 envelope peptides based on individual HIV isolates, as well as on polyvalent mixtures of several such peptides. In these peptides, the 16-residue C4 sequence is constant since the Th epitope it contains is highly conserved among HIV strains. The V3 segment (23 or 24 residues) of each hybrid peptide is strain specific since this portion of the envelope protein is variable in sequence and contains the strain-specific principal neutralizing determinant for TCLA HIV. Despite sequence variability in V3, cross-reactivity between antibodies elicited by one C4-V3 peptide and HIV strains with disparate V3 region amino acid sequences has been described (14, 16, 24, 33) .
Immunogenic peptides in solution often preferentially adopt specific conformations (11, 20) . Hence, one hypothesis to explain immunogenic cross-reactivity among variant sequences is that the respective peptides exist predominantly as conformers that present similar epitopes in a specific region of the conformer surface. In studies of C4-V3 hybrid peptides derived from HIV strains RF and Can0A, nuclear magnetic resonance (NMR) was used to demonstrate that particular conformations predominated in solution (7, 32) . These results, combined with molecular simulation (32) , showed that the immunogenic V3 sequence from HIV Can0A was likely to adopt preferential conformations that resembled the three-dimensional structure of an HIV MN V3 loop peptide when it is bound to the anti-HIV neutralizing monoclonal antibody 50.1 (27) . In contrast, results for the non-cross-reactive V3 sequence from strain RF showed a distinctly different conformational propensity. To examine correlations between HIV gp120 structure and immunogenicity, we have assessed solution conformations in two other immunogenic gp120 C4-V3 peptides and have determined the immunologic cross-reactivity of induced neutralizing antibodies generated by the four peptides. The results support the hypothesis that preferred solution conformations of peptide immunogens are important for determining the specificity of C4-V3 peptide-induced anti-HIV neutralizing antibody responses.
Peptide C4-V3MN (C4-V3 peptide of strain MN) has the sequence KQIINMWQEVGKAMYA-TRPNYNKRKRIHIG PGRAFYTTK, while peptide C4-V3EV91 has the sequence KQIINMWQEVGKAMYA-TRPGNNTRKSIPIGPGRAFI ATS, where the hyphen denotes the junction of the common C4 segment (N-terminal 16 residues) and the strain-specific V3 segment (C-terminal 23 residues). The sequences of peptides C4-V3RF and C4-V3Can0A have been previously reported (7, 32) . All four peptides were synthesized, purified, and characterized by mass spectrometry as previously described (16) . For NMR spectroscopy, peptides were at a concentration of 4 mM in 0.67 ml of 5 mM KH 2 PO 4 -20 mM NaCl-2 mM NaN 3 -10% 2 H 2 O (pH 4.0). Spectra, including DQF-COSY (25, 26) , Relayed-COSY (2), TOCSY (1, 21) , and NOESY (18) at mixing times of 100 to 300 ms, were collected as previously described on a Varian Unity 500-MHz spectrometer at a temperature of 5°C (7, 32) . Spectra were processed by using Felix 2.3 (Biosym Technologies Inc.). Resonances were assigned as previously described (7, 32) , and conformational preferences were determined by short-and medium-range nuclear Overhauser effect (NOE) connectivities (8) (9) (10) .
Resonances for nearly all hydrogens in peptides C4-V3MN and C4-V3EV91 were assigned (data available upon request). By the criterion of chemical shift deviation from random-coil values (34) , neither peptide exhibited a tendency to form a stable secondary structure. Consistent with this were circular dichroism spectra of C4-V3MN in the range of 190 to 300 nm, which exhibited molar ellipticity values typical of random coil peptides (data not shown). Nevertheless, several NOE signals were attributed to long-range through-space interactions that indicate the tendency of certain regions to adopt particular conformers. These NOEs are summarized in Fig. 1A and B for peptides C4-V3EV91 and C4-V3MN, respectively.
In the C4 segment of both peptides, the first four or five residues (Lys 1 33 , which is expected for such a turn, could not be identified due to peak overlap. However, a d␦N NOE is clearly observed for Pro 31 -Gly 32 , consistent with the second and third residues of a turn. A short stretch of nascent helical conformation for the region Ala 33 to Ile 36 is suggested by dNN (i, iϩ2) and d␣N (i, iϩ2) NOEs. The last three residues in the V3 segment of C4-V3EV91 exhibit an extended ␤-like conformation, as suggested by strong d␣N (i, iϩ1) and weak dNN (i, iϩ1) NOEs. These secondary structural tendencies are summarized in Fig.  2 .
In peptide C4-V3MN, conformational preferences in many portions of the V3 segment could not be uniquely identified due to extensive overlap of cross peaks in the NOESY spectrum. Some regions, however, show enough discernible NOEs to suggest the existence of conformational tendencies (Fig.  1B) 1B) . Figure 2 summarizes preferred conformations for peptides C4-V3EV91 and C4-V3MN, as described above, as well as for peptides C4-V3RF (7) and C4-V3Can0A (32) . The C4 segments of all four peptides, which are identical in amino acid sequence, show in each case a threshold population of nascent helical conformation between residues 5 and 15. The V3 domains, which differ in amino acid sequence, show significantly different conformational elements. Whereas a tendency for a reverse turn at the GPGX motif is found in all four peptides, the nature of these turns is different, with C4-V3Can0A displaying a type II ␤-turn while other C4-V3 peptides show a type I ␤-turn. In addition, the C4-V3EV91 V3 region exhibits a preference for two consecutive type I ␤-turns within the sequence IPIGPGR.
The NMR results detailed above reveal preferred solution conformations primarily for the main chain. These data were used as a starting point to search for preferred low-energy conformers, including side chains, by molecular modeling of a 13-residue segment encompassing the tip of the V3 loop, by using the method previously applied to HIV RF and HIV Can0A FIG. 1. Interresidue NOE connectivities in C4-V3EV91 (A) and C4-V3MN (B). In rows dNN (i, iϩ1), d␣N (i, iϩ1), and d␤N (i, iϩ1), the thicknesses of the solid boxes are proportional to the intensities of the NOE cross-peak. An asterisk appears at positions where NOE intensity could not be determined due to overlap with other peaks. A blank box indicates that the NOE was not detected. In rows dNN (i, iϩ2), d␣N (i, iϩ2), and dNN (i, iϩ3), the lines connect residues showing the NOE. The line marked with an asterisk in panel B represents an ambiguous NOE in C4-V3MN (see text). Connectivities to NH of prolines refer to C ␦ H.
FIG. 2.
Comparison of NMR-derived conformational preferences among four C4-V3 peptides. For each peptide, the drawn pattern in a given region refers to the preferred solution conformation, as indicated in the key at the bottom of the figure. sequences (32) . This is the principal neutralizing determinant for laboratory-adapted strains of HIV, and the structure of this region is known for the MN sequence bound to a Fab fragment of a neutralizing antibody (27 to Tyr 36 were set as an ␣-helix. Each side chain conformation was initially set to the minimum-energy rotamer. The final structure of each peptide, shown in Fig. 3 , was among the lowest-energy structures of all samplings, based on molecular dynamics calculations.
The resulting model of the HIV MN V3 loop in solution (Fig.  3 , lower left model) exhibited a continuous hydrophobic surface formed by one Gly, one Pro, and two Ile residues (Fig. 3, magenta atoms) . In the sequence of the V3 loop from HIV Can0A , in which one of the Ile residues of HIV MN was replaced by Met, these four residues also formed an apolar patch (Fig. 3, upper left model) , as previously reported (32) . The configuration of the side chain of His 28 ( Fig. 3 , yellow atoms) in HIV Can0A was also the same as that in the simulated C4-V3MN peptide.
Simulations of the HIV V3 regions in peptides C4-V3RF (32) and C4-V3EV91 (Fig. 3 , upper right and lower right models, respectively) exhibited V3 motifs that differed from those of peptides C4-V3MN and C4-V3Can0A. For C4-V3RF, a positively charged lysine residue (Fig. 3, cyan atoms) disrupted the hydrophobic surface of the apolar patch (32) . In the V3 sequence of C4-V3EV91, the model revealed that the additional ␤-turn at Ile 27 -Pro 28 -Ile 29 -Gly 30 caused the apolar patch to be bent rather than flat (Fig. 3, lower right model) . Hence, the tip of the V3 loop in C4-V3RF was dramatically different from that of C4-V3MN and C4-V3Can0A, and that of C4-V3EV91 had a bent, rather than flat, apolar patch.
Previous studies have demonstrated that while gp120 V3 neutralizing antibodies are usually strain specific (14, 16, 23, 24, 35) , occasional cross-reactivities between disparate strains, often attributed to homologies in the V3 loop tip sequence GPG or GPGR, have been reported (16) . Rhesus monkeys were immunized with peptides C4-V3MN, C4-V3RF, C4-V3EV91, C4-V3Can0A, or a polyvalent mixture of all four peptides. Immune sera were then assayed for syncytium inhibition and free-virus neutralization activities against four different HIV strains (IIIB, MN, RF, and SF2) grown and assayed in CEM cells as previously described (16, 23) . Table 1 shows the resulting syncytium inhibition titers and neutralization titers, defined as the reciprocal of the serum dilution that reduced syncytium numbers or infectious virus titer 10-fold, respectively, for these sera.
As reported, peptide C4-V3MN induced antibodies that inactivated HIV MN in syncytium inhibition and reverse transcriptase production assays (16) , as did peptide C4-V3Can0A (33). Anti-C4-V3MN sera had no inhibitory activity toward either HIV IIIB or HIV RF . Antibodies against C4-V3EV91 were weakly reactive against HIV MN in that sera from only one of three monkeys neutralized HIV MN . Antibodies induced by peptide C4-V3RF were type specific, with anti-HIV RF V3 antisera neutralizing only HIV RF . Thus, the MN and Can0A (and to a lesser degree EV91) C4-V3 peptides, though disparate in primary amino acid sequence, neutralized HIV MN in a similar manner, whereas the HIV RF C4-V3 peptide was strictly HIV RF specific.
The present results of NMR-derived conformational preferences in peptides C4-V3MN and C4-V3EV91 may be combined with previous results for peptides C4-V3RF (7) and C4-V3Can0A (32) to summarize similarities and differences among them. The conformational features of the C4 segment in all four peptides were very similar, suggesting that the respective unique V3 sequences had little influence on C4 conformation. Each C4 segment begins with an extended conformation, which is followed by a major segment of nascent helix (Fig. 2) . The nascent helical region coincides with a T-helper epitope (4) that is thought to exist in an extended conformation when bound to the major histocompatibility complex on antigenpresenting cells (22) .
The V3 segments of each of the four C4-V3 peptides are derived from different HIV type 1 (HIV-1) strains. Preference for a ␤-turn conformation appears at the N-terminal end of the V3 region in all of the peptides except C4-V3Can0A (Fig. 2) . The lack of detectable turn conformation in the latter may be related to the finding that ␤-turn stability in peptides in solution is correlated with the residue at the third position of the turn. Asparagine at this position in C4-V3RF and C4-V3MN, and glycine in the case of C4-V3EV91, are associated with greater turn stability than is histidine in C4-V3Can0A (9) . A long stretch of extended conformation precedes the GPGX ␤-turn in the V3 regions of three of the peptides and may also be present in C4-V3MN (Fig. 2) . In all four peptides, the GPGX motif has a tendency to take ␤-turn conformations, type I in peptides C4-V3RF, C4-V3EV91, and C4-V3MN and type II in peptide C4-V3Can0A. Other solution NMR studies have found turns at the GPGX motif in peptides derived from the gp120 V3 loop of HIV-1 strains MN (3, 5) , IIIB/LAI (36), and RF (31) . A propensity for an additional type I ␤-turn comprised of residues Ile 27 -Pro 28 3. CPK models of simulated conformations for a 13-residue segment of the V3 loop from four TCLA HIV-1 strains, based on NMR connectivity patterns, made by using the program Insight II (Biosym/MSI Inc.). The conformers displayed were energy minimized with Discover 3.1 by use of a procedure detailed previously (32) . Magenta atoms correspond to residue positions of the hydrophobic patch of the V3 region of strain MN (27) . Cyan atoms correspond to lysine and arginine residues N-terminal to the GPGX motif. Yellow atoms correspond to the position of the histidine residue in the V3 region in strain MN. Gray atoms correspond to all other residues.
(GRAF), and type I ␤-turn (RAFY), which together resemble a 3 10 helix configuration (12) . Conformational propensities in the region C-terminal to the GPGX motif vary among the four C4-V3 peptides (Fig. 2) . Strains RF and Can0A show preferences for extended conformations from residues 34 to 37 followed by nascent helical preferences to the C terminus. In strains EV91 and MN, the tendency towards a helical or nascent helical conformation immediately follows GPGX, which is then followed by an extended conformation to the end of the peptide.
Molecular simulation of conformations in four different V3 sequences suggest that preferred solution conformations of MN and Can0A near the tip of the V3 loop are similar to each other. Furthermore, both have conformational characteristics similar to the HIV MN V3 region bound to a neutralizing antibody (27) . In that crystal structure, four peptide residues, equivalent in numbering to Ile 27 , Ile 29 , Gly 30 , and Pro 31 of C4-V3MN, form a continuous hydrophobic surface which makes extensive contacts with the antigen-binding site of the antibody and is suggested to be required for high-affinity binding (27) . In the present study, modeled V3 solution conformers of MN and Can0A exhibit a flat hydrophobic surface at the very beginning of the reverse turn (Fig. 3) . These apolar patches are composed of side chains from residues I, I, G, and P in MN and I, M, G, and P in Can0A. Thus, these models indicate that predominant conformers of C4-V3MN and C4-V3Can0A in solution shared with the antibody-antigen complex a relatively flat hydrophobic region in the tip of the V3 loop.
The V3 sequence of EV91 also has the residues I, I, G, and P, which, by simulation, form an apolar patch at the tip of its V3 loop. However a proline residue between the two isoleucine residues of EV91 (histidine in this position for the V3 sequence of MN and Can0A) resulted in a propensity for a reverse turn, causing a bend in the middle of the apolar patch (Fig. 3) . In the V3 sequence of strain RF, the second isoleucine residue is replaced by lysine (I, K, G, P). Modeling suggests that the positively charged side chain of this lysine is oriented toward the face of the apolar patch and therefore disrupts the continuity of the hydrophobic surface in C4-V3RF (Fig. 3) .
The present study demonstrates differential neutralizing capabilities among the four peptides tested in rhesus monkeys (Table 1) , hence extending previous findings (14-16, 23, 24) . Haynes et al. reported that C4-V3MN and C4-V3Can0A peptides were immunologically similar since, in BALB/c mice, each peptide induced antibodies that were cross-reactive to the V3 region of the other peptide (16) . In contrast, C4-V3RF and C4-V3EV91 peptides elicited type-specific antibodies in BALB/c mice (16) . Peptides C4-V3MN and C4-V3Can0A also both elicit neutralizing HIV MN antibody responses (16, 33 ; also this study). Molecular simulation of HIV V3 sequences based on NMR results for main chain preferences have shown that HIV Can0A and MN may preferentially present molecular surfaces that are very similar, which in turn are distinct from V3 conformations of RF and EV91 sequences. Furthermore, the modeled conformations of both HIV MN and HIV Can0A peptides are similar to that of the HIV MN peptide bound to a neutralizing antibody (27) that was induced by an MN V3 immunogenic peptide. Taken together, these data support the hypothesis that preferred solution conformations are an important factor in determining the specificity of C4-V3 peptideinduced anti-HIV neutralizing antibody responses. It will be of interest to begin to correlate V3 region conformer structure with HIV coreceptor usage. a ϩ/Ϫ, less than 90% and more than 25% inhibition of syncytium formation at a 1:10 dilution.
